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ABSTRACT: Cube- and tube-shaped C70 crystals were obtained selectively by
reprecipitation using a combination of mesitylene (good solvent) and isopropyl alcohol
(poor solvent). Both crystals include mesitylene molecules in their lattices; the ratios of
C70 to mesitylene were 1:2 in C70 cubes and 1:0.7 in C70 tubes. The volume ratio of
mesitylene to IPA is a key parameter for the selective growth of C70 cubes and C70 tubes,
rather than the supersaturation ratio, which governs crystal morphology in many other
cases. Thus, we propose that the absolute amount of mesitylene near C70 molecules
determines the crystallization pathways for forming the C70·2(mesitylene) or C70·
0.7(mesitylene) phase, which ﬁnally result in C70 cubes or C70 tubes, respectively.
■ INTRODUCTION
The controllability of the morphology in molecular crystals is
beneﬁcial for studies of morphology-dependent property
changes.1−3 Crystallization of molecules that possess high-
density sp2 electrons is of special interest because the resulting
crystals allow systematic investigation of the properties that
commence from not only crystal facets on which molecular
arrangements are dissimilar but also diﬀerent crystal structures.
For example, pentacene wires and disks having identical crystal
structures exhibit drastic diﬀerences in optical properties
because of the presence or absence of (010) plane facets.2
Other examples are rubrene crystals and 2,5,8,11-tetra-tert-
butylperylene crystals that show the changes in waveguiding
and photoluminescence (PL) properties upon crystallization.4,5
Hence, the development of the growth method for producing
crystals in various geometries is one of the key prerequisites for
such studies.
Among various methods, solution-phase crystallization is a
useful method because the crystallization environment can be
controlled by adjusting diverse parameters. For crystallization
of fullerene molecules, solution-phase crystallization methods
include drop-drying,6−10 solvent vapor annealing,11,12 liquid−
liquid interfacial precipitation (LLIP),13−18 and reprecipita-
tion.19−25 All of these methods resemble conventional
recrystallization methods that exploit abrupt changes in
solubility at heterointerfaces. However, one important diﬀer-
ence for fullerene crystallization is that the good solvent
molecules interact closely with fullerene molecules by hydro-
phobic or charge-transfer interactions to distort the most
thermodynamically stable self-organization pattern of fullerene.
That is, the solvent is involved directly in the crystallization of
fullerene molecules as a secondary lattice component. Since the
ﬁrst example of a solvent-intercalated C60 crystal was
reported,26 eﬀorts have been made to control the morphology
of solvent-intercalated fullerene crystals and to understand the
underlying crystallization mechanism. Although the solvent can
aﬀect the morphology of the fullerene crystal,9,15,20 the
correlation between the solvent and the morphology of the
resulting fullerene crystals has recently been systematically
evaluated. For example, the morphology of a C60 crystal is
strongly aﬀected by the molecular shape of the solvent, as
exempliﬁed by C60 dots, wires, and disks that are crystallized in
the presence of n-hexane (pseudo-1D), m-xylene (pseudo-2D),
and CCl4 (pseudo-3D) solvents, respectively.
6
In comparison to that of C60, morphology-controlled
crystallization of C70 has been rarely reported
10,20,27 because
its ellipsoidal molecular shape and the coexistence of
energetically similar phases at room temperature make its
crystallization diﬃcult to control.28,29 Nevertheless, recent
reports imply that C70 can also crystallize into a speciﬁc
morphology upon solvent intercalation. For example, use of m-
xylene or toluene produces 1D C70 crystals such as nanowires
and nanotubes,17,20,24 and cocrystallization of C70 with
mesitylene produces high yields of cube crystals with a very
narrow size distribution.25 One common limitation in
morphology control for both C60 and C70 crystals is that
speciﬁc solvent molecules should be replaced to alter their
morphologies, for example, from m-xylene for C60 wires to
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CCl4 for C60 disks, and from m-xylene for C70 tubes to
mesitylene for C70 cubes.
6,15,24,25 However, other options are
still available if the solvent intercalation can be controlled by
adjusting the crystallization environment.
We report a simple method for controlling the morphology
of C70 crystals to be either cube or tube without replacing
speciﬁc solvents, but by simply controlling the volume ratio of
C70-mesitylene to isopropyl alcohol (IPA). All crystals grown
by this method exhibit PL stronger than that of C70 powder.
Results of systematic experiments with various solvent
combinations indicate that cocrystallization of C70 and solvent
is aﬀected by the volume ratio of mesitylene to IPA, but not by
the supersaturation ratio.
■ EXPERIMENTAL SECTION
Growth of C70 Crystals. As-received C70 powder (MTR Ltd.,
99.0%) was dissolved in mesitylene (Alfa Aesar, 98%) under
ultrasonication for 3 h to prepare starting solution (C70-mesitylene).
A concentration-controlled C70-mesitylene solution was mixed with
IPA (Fisher Scientiﬁc, 99.9%) at various volume ratios and
ultrasonicated for 30 s. The mixed solution was kept at room
temperature for designated times. For further characterization, the
precipitated crystals were transferred to Si substrate or to a Cu
transmission electron microscopy (TEM) grid (Ted Pella, Inc., 400
mesh) by dropping several aliquots of ﬁnal solution and drying
residual solvents by blowing N2 gas. For tube-dominant samples, the
precipitated crystals were ﬁltered and rinsed with copious amounts of
IPA to prevent destruction of wires during the evaporation of residual
solvents. The ﬁltered tubes were redispersed in IPA and transferred to
the appropriate substrate.
Characterization. Morphologies of C70 crystals were examined
using a scanning electron microscope (SEM, JEOL, JSM-7401F). The
crystal structure of C70 crystals was analyzed by powder X-ray
diﬀraction [XRD, 5D beamline at Pohang Accelerator Laboratory (λ =
1.2390 Å)], TEM (Carl Zeiss, EM 912 omega), and selected area
electron diﬀraction (SAED). The X-ray wavelength was scaled to Cu
Kα (λ = 1.54057 Å) radiation to facilitate comparison with previous
reports. The absorption spectrum for measuring the concentration of
C70 in solutions was obtained using a UV−vis spectroscope (Agilent
8453). To conﬁrm the presence of solvent molecules in C70 crystals,
gas chromatography−mass spectrometry (GC−MS) was performed
after redissolving crystals in chloroform (Sigma-Aldrich, contains 0.5−
1.0% ethanol as a stabilizer). The relative amount of mesitylene in the
C70 crystal was conﬁrmed by thermogravimetric analysis (TGA, scinco
TGA N-1000) under N2 gas by setting 800 °C as the maximal
temperature with a rate of increase of 10 °C/min. PL experiments
were performed using a home-built ﬂuorescence microscope.
Speciﬁcally, the optical microscope (Olympus BX51) is combined
with a mercury lamp (Nikon, 130 W) and ﬂuorescence ﬁlters (Omega
Optical, λex = 500−550 nm; Thorlabs, λem > 610 nm). The PL images
were obtained using a CCD camera (Jenoptik, ProgRes C3), and PL
spectra were obtained using a monochromator (DongWoo Optron
Co., Ltd., DM-320i) connected to another CCD camera (Andor, iDus
420).
■ RESULTS AND DISCUSSION
When 4 mL of a C70-mesitylene solution was added to 16 mL
of IPA and kept for 12 h, homogeneous cube-shaped C70
crystals grew in high yield with average size of 3 μm in each
dimension (Figure 1a). The total concentration of C70 in the
mixed solvent was ∼0.1 mM; the shape, size, and yield of the
C70 cubes obtained under this condition agree well with those
of a previous report.25 In contrast, when the volume ratio of
C70-mesitylene to IPA was changed from 1:4 to 1:30 without a
change in the total volume (20 mL), tube-shaped (1D) C70
structures were formed; they had average diameter of 800 nm
and an average length of 20 μm (Figure 1b). The center of the
C70 tube was ﬁlled, whereas both ends had a hollow interior
space (Figure 1c); this observation means the growth rate is
faster at the edge than inside. This center-blocked tube is due
to concentration depletion of C70 near the center of the seed,
which is often observed in other organic/inorganic tube-shaped
crystals,30−32 including fullerene crystals.20,23,33
The crystal structure of each type of crystal was analyzed by
X-ray diﬀraction (XRD). Although both types of crystal showed
intense diﬀraction peaks, the XRD patterns were completely
diﬀerent (Figure 2a). The XRD pattern of C70 cubes agreed
well with that of a previous report (Figure 2a, top).25 In
contrast, the XRD pattern of C70 tubes matched no known C70
crystal. Therefore, we determined the crystal structure of C70
tubes by using the plane-spacing equation with Bragg’s law.34
As a result, the crystal structure of the C70 tube was indexed as a
hexagonal system having lattice parameters of a = 25.36 Å and c
= 10.58 Å (a/c = 2.40), which is similar to that of 1D solvated
C60 nanocrystals (wire, rod, and whisker) except for a slightly
increased lattice parameter (Figure 2a, bottom).6,7,9,12,16,35 The
SAED pattern of the C70 tube (Figure 2b) indicated that the
tube is single-crystalline and that the growth axis is [001]; this
conclusion was conﬁrmed by a simulated SAED pattern (Figure
S1 of the Supporting Information). According to the
crystallographic information from our experimental results
and previous reports, C70 molecules are more loosely packed in
C70 tubes than in C70 cubes, forming linear solvent channels
along the tube axis. (See schematically drawn molecular packing
models for a C70 cube and a C70 tube in Figure S2 of the
Supporting Information.)
Figure 1. (a and b) SEM images of C70 cubes and C70 tubes formed at
volume ratios of 1:4 and 1:30 (C70-mesitylene:IPA), respectively. (c)
Low-magniﬁcation TEM image of a C70 tube.
Figure 2. (a) XRD pattern of C70 cubes (top) and C70 tubes (bottom).
(b) SAED pattern of C70 tubes and a corresponding bright ﬁeld TEM
image. (c) PL spectra of C70 tubes (red) and C70 powder (black). (d
and e) PL images of C70 tubes and C70 powder, respectively.
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Highly crystalline C70 crystals have enhanced PL.
10,25
Similarly, C70 tubes had PL higher than that of regular C70
powder (Figure 2c−e). The PL peak positions did not diﬀer
signiﬁcantly between C70 tubes and cubes. This similarity
indicates that the interaction the between C70 molecules is
weaker in the crystals than in the powder; i.e., the high
crystallinity grants a higher degree of long-range order to C70
molecules in the crystals than in the C70 powder. This highly
ordered arrangement of C70 molecules in a C70 tube would
signiﬁcantly reduce the number of nonradiative pathways and
thereby increase the level of radiative exciton recombination.
Although it has been reported that C70 crystals can be grown
into 1D structures in speciﬁc solvent,10,18,24 the work presented
here is a remarkable demonstration that their morphology can
be controlled from tube to cube in a single-type mixed solvent
by simply varying the volume ratio of a good solvent to a poor
solvent. To evaluate which solvent is more directly inﬂuencing
the morphology control, we have identiﬁed the solvent
cocrystallized with C70 by GC−MS and TGA. GC−MS analysis
showed a peak at a retention time of ∼7.4 min (Figure 3a); this
peak corresponds to mesitylene according to the MS spectrum
that shows a major peak at m/z 105 (Figure 3b). Note that
chloroform was a solvent used for GC−MS analysis and
contained ethanol (0.5−1.0%) as a stabilizer. Therefore,
mesitylene, not IPA, was incorporated into the crystals. The
molar ratio of C70 to mesitylene in a tube was derived by TGA
under N2 (Figure 3c); the weight decreased by ∼9.4% as the
temperature was increased from room temperature to 450 °C.
This change indicates that the composition molar ratio of C70
to mesitylene is ∼1:0.7; this mesitylene content was ∼1/3 of
that in C70 cubes (molar ratio of 1:2). This result implies that
the relative amount of mesitylene is the key factor for the
determination of morphology.
To evaluate the eﬀect of the molar composition of
mesitylene, control experiments were performed at a ﬁxed
total concentration of C70 (0.3 mg mL
−1) and a total solution
volume of 20 mL, but at various volume ratios from 1:1 to 1:64
(C70-mesitylene/IPA). The morphology of the C70 crystal is
retained as a cube when the IPA content is increased to 1:7.
However, when the relative amount of mesitylene is
signiﬁcantly reduced by further increasing of the IPA content
over 1:15, C70 is crystallized into a tube (Figure 4, top row).
Similar trends were observed at C70 concentrations of 0.2 and
0.1 mg mL−1 (Figure 4, middle and bottom rows); the only
notable diﬀerence is that the average size of cubes and diameter
of tubes increased signiﬁcantly as the C70 concentration
decreased, probably because the decrease in C70 concentration
reduced the number of nucleation sites.25,36,37
Generally, the crystallization process during reprecipitation is
explained by the emulsion droplet model,38−42 which suggests
that solute and good solvent form droplets very quickly because
contact between the solute molecule and poor solvent is
energetically unfavorable. Subsequently, good solvent diﬀuses
into poor solvent at a rate that depends on their miscibility.
When the concentration of solute molecules in the droplet
reaches the saturation point, solute molecules begin to nucleate.
The nucleus formed in each droplet generates one crystal, or
multiple nuclei collide to form a large crystal. In both cases, the
size of the ﬁnal crystal is limited by the quantity of solute
molecules in each droplet, so it is proportional to the
concentration of the initial solution.
However, in our case, the relationship between solute
concentration and crystal size (Figure 4) was exactly the
opposite of the relationship predicted by the emulsion droplet
model.38−42 Dynamic light scattering (DLS) results conﬁrm
that this reverse trend is still valid at even higher IPA ratios.
When C70-mesitylene solutions of various concentrations were
mixed with IPA while keeping a volume ratio of 1:400, the
crystal size dispersed in a mixed solution decreased as the
concentration of the initial solution increased (Figure S3a of
the Supporting Information, red line). In contrast, the size of
C60 crystals obtained with a combination of toluene (good
solvent) and acetonitrile (poor solvent) increased as the
concentration increased when the volume ratio was kept at
1:400 (Figure S3a of the Supporting Information, black line) as
well as at 1:3 (Figure S3b of the Supporting Information), as
predicted by the emulsion droplet model.38 This result implies
that the crystallization of C70 molecules in our system does not
follow the emulsion droplet model. Rather, C70, mesitylene, and
IPA seem to mix homogeneously as a supersaturated solution in
which the number of nucleation sites is aﬀected by the solute
concentration.
When crystallization occurs under a supersaturated con-
dition, the supersaturation ratio inﬂuences the relative growth
rate of diﬀerent facets and is therefore widely considered to be a
Figure 3. (a) GC data of C70 tubes. (b) Mass spectrum corresponding
to the red circle in panel a. (c) TGA data of C70 tubes obtained with a
rate of increase of 10 °C/min under a N2 gas ﬂow.
Figure 4. SEM images of C70 crystals at various volume ratios of C70-
mesitylene to IPA. The scale bar is 1 μm and in the insets 10 μm.
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determining factor for the ﬁnal morphology of organic/
inorganic crystals.4,5,37,43,44 This dependency of crystal
morphology on supersaturation ratio is also observed in C60
crystallization.22 To check whether our system also depends on
the supersaturation ratio, we calculated supersaturation ratios
for each case shown in Figure 4. For the equilibrium
concentration of C70 (C0) in the mixed solution, mesitylene
and IPA were ﬁrst mixed at volume ratios from 1:1 to 1:64, and
excess C70 powder was dissolved by sonication followed by
ﬁltration. Then the concentrations of C70 were calculated using
intensity values at two wavelengths (335 and 472 nm) in the
UV−vis absorption spectrum (Figure 5a).45 The equilibrium
concentration (C0) decreases nonlinearly as the IPA volume
ratio increases, mainly because of complex interactions of
mesitylene, IPA, and C70 molecules. In contrast, the ﬁnal
concentration (C) in the mixed solution used for crystallization
decreases linearly as the IPA volume ratio increases because the
initial concentration of C70 in the solution is ﬁxed (Figure 5b).
Such diﬀerent tendencies of C and C0 lead to a nonmonotonic
change in the supersaturation ratio. When the initial
concentration of C70 was 0.1 mg mL
−1 (third row of Figure
4), the supersaturation ratio (C/C0) gradually increased to
87.5% of the IPA ratio, at which C70 cubes form (Figure 5b,
red). However, C/C0 decreased again at an IPA ratio of >87.5%,
in which C70 tubes form. That is, both cubes and tubes can
form over a similar range of C/C0 values; therefore, the
diﬀerence in morphology of C70 crystals is more directly related
to the volume ratio of solvents than to the diﬀerence in
supersaturation ratio.
Crystallization methods were compared to identify how the
volume ratio of C70-mesitylene to IPA aﬀected the morphology
of the C70 crystal. Solution-phase reactions for fullerene crystals
are classiﬁed into two methods according to the crystallization
environment. One includes monosolvent (good solvent)
crystallization such as drop-drying,6−10 SVA,11,12 and evapo-
ration,46 in which a reduced amount of solvent changes the
local solubility and the fullerene molecules start to nucleate.
The other method is bisolvent crystallization such as LLIP13−18
and reprecipitation19−25 that uses a decrease in solubility upon
addition of poor solvent. In the latter case, the good solvent
environment near fullerene molecules can be eﬃciently
controlled by changing the amount of poor solvent while the
amount of good solvent molecules is suﬃcient throughout the
crystallization process in the monosolvent crystallization
method.
The importance of the mesitylene environment for the
crystallization of C70 was conﬁrmed by additional experiments
with diﬀerent poor solvents (Figure S4 of the Supporting
Information). When IPA was replaced with other alcohols
(methanol, ethanol, propan-1-ol, and butan-1-ol), cube-shaped
C70 crystals and corresponding XRD patterns were obtained at
a low poor solvent ratio (1:2 volume ratio). However, at a high
poor solvent ratio (1:30 volume ratio), C70 crystals showed
anisotropic shapes and the XRD patterns deviated from those
of a simple cubic structure, regardless of the type of poor
solvents except methanol. This result implies formation of new
phases of C70 containing mesitylene. However, the super-
saturation ratio does not seem to be the main factor for this.
For the sake of clarity, we plotted the supersaturation ratios as a
function of poor solvent ratio for each case; the trends are
almost similar to the case of IPA, while the values vary (Figure
S5a of the Supporting Information). In spite of the same
supersaturation ratio (C/C0 ∼ 5), C70 crystals obtained at a
propan-1-ol ratio of 82% have cube shapes (Figure S5b of the
Supporting Information), while those obtained at an ethanol
ratio of 98% have anisotropic morphologies with a hexagonal
cross section (Figure S5c of the Supporting Information). The
most possible scenario is that the absolute amount of
mesitylene near C70 molecules during crystallization determines
the phase of C70 crystals because the morphologies of C70
crystals depend on only the volume ratio of good and poor
solvents. Speciﬁcally, mesitylene-suﬃcient and mesitylene-
deﬁcient environments generate the cubic phase [C70·
2(mesitylene)] and hexagonal phase [(C70·0.7(mesitylene)],
respectively. One exceptional case, in which only cube-shaped
crystals with a simple cubic crystal structure are formed
regardless of the C70-mesitylene:methanol (v/v) ratio, can be
explained by other factors. Considering the high polarity and
negligible C70 solubility of methanol, it seems that the mixing of
methanol and mesitylene is not fast enough to provide a
mesitylene-deﬁcient environment. Similarly, the diﬀerences in
the morphology of anisotropic crystals among diﬀerent poor
solvents may be ascribed to other factors such as miscibility of
various alcohols and mesitylene.
The possibility that crystallization morphology can be
controlled by mesitylene:IPA volume ratio in other cases was
examined by performing the same experiment using C60. At all
volume ratios of mesitylene to IPA except 1:1, tube-shaped C60
crystals were obtained; at a 1:1 ratio, irregular aggregates
formed (Figure S6 of the Supporting Information, top row).
C60 molecules crystallize into 2D plates when the solvent
combination consists of toluene and tert-butyl alcohol,47 and to
3D shapes (popcornlike or polygons) when the solvent
combination consists of toluene and ethanol,22 but morphol-
ogy-selective growth was not observed with various volume
ratios of good to poor solvent (Figure S6 of the Supporting
Information, middle and bottom rows). Morphology-selective
growth may occur during C60 crystallization: irregular granules,
rather than nanowires, start to form as the volume ratio of C60-
toluene to IPA changes from 1:1.48 However, in our case, C70
crystals show a clear diﬀerence in their molar compositions and
crystal structures that depends only on the volume ratio of
mesitylene to IPA. Therefore, C70-mesitylene is one of the
unique fullerene-solvated crystal systems that possesses more
than two energetically stable phases at room temperature; this
diversity of stable states would allow selective growth of C70
crystals to either cubes or tubes, depending on the mesitylene
environment.
On the basis of all of these experimental results, we propose a
mechanism of selective growth of the C70 cube and C70 tube by
Figure 5. (a) Absorption spectra of saturated C70 solutions dissolved
in a mesitylene/IPA mixture. The inset shows the actual colors. (b)
Supersaturation ratios (C/C0, red) depending on the volume ratio of
C70-mesitylene to IPA, which corresponds to the third row of Figure 4.
The solution concentration (C) and equilibrium concentration (C0) of
C70 are shown as black lines.
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reprecipitation (Figure 6). After C70-mesitylene and IPA had
been mixed, the solution quickly becomes nearly homogeneous
because of the good miscibility of mesitylene and IPA. Almost
at the same time, the concentration of C70 exceeds the
saturation point, thereby inducing C70 molecules to form nuclei
in quantities that are governed by the C70 concentration in an
initial C70-mesitylene solution. During the crystallization
process, mesitylene molecules near C70 molecules are
intercalated as a secondary lattice component because of
chemical interactions such as van der Waals and π−π
interaction.7,40 In this step, the absolute amount of mesitylene
near C70 has a crucial eﬀect on the crystallization, which is
eﬀectively controlled by the relative quantity of IPA.
Mesitylene-suﬃcient and methylene-deﬁcient environments
drive C70 molecules to crystallize into phases that contain
more mesitylene [C70·2(mesitylene)] and less mesitylene [C70·
0.7(mesitylene)], which then generate cube- and tube-shaped
mesitylene-solvated C70 crystals, respectively. Both shapes form
when the C70-mesitylene:IPA (v/v) ratio is between 1:9 and
1:13 (Figure S7 of the Supporting Information); therefore, the
boundary of the volume ratio for formation of the C70 cube and
C70 tubes is between these values.
■ CONCLUSION
Cube- and tube-shaped mesitylene-solvated C70 crystals can be
grown selectively by reprecipitation in a mixture of mesitylene
(good solvent) and IPA (poor solvent). The C70 cubes and C70
tubes have diﬀerent crystal structures, and diﬀerent mesitylene
contents intercalated in the crystal. However, the morphology-
selective growth is not explained by the diﬀerence in
supersaturation ratio, which is widely accepted in other cases;
furthermore, the crystallization process of C70 molecules does
not follow the conventional emulsion droplet model. It is more
likely that C70 cubes and C70 tubes are formed under
mesitylene-suﬃcient and -deﬁcient conditions, respectively;
this result indicates that the mesitylene environment is the
factor that determines the morphology. Thus, we newly
propose a mechanism of morphology-selective growth of C70
crystals. In this mechanism, crystallization starts from a
homogeneously mixed solution because of the good miscibility
of mesitylene and IPA. Depending on the absolute amount of
mesitylene near C70 molecules, which is determined by the
mesitylene:IPA volume ratio, crystallization proceeds along two
diﬀerent pathways to form the C70·2(mesitylene) or C70·
0.7(mesitylene) phase, which result in C70 cubes or C70 tubes,
respectively. We believe that this study provides important
insight into the crystallization of fullerene molecules and
provides opportunities to investigate morphology-dependent
properties in various organic crystals.
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